R e f l e c t i v e a r r a y s of rectangular t h i n metal ' d o t s ' spaced i n a r e g u l a r or near r e g u l a r g r i d p a t t e r n , such as have been used i n s u r f a c e a c o u s t i c wave resonators [ l ] and in-line dot RACs The work establishes t h a t the method o f a n a l y s i s can form the basis o f the design of 1800 r e f l e c t i v e weighted dot a r r a y s allowing t h e m t o be implemented through varying dot d e n s i t y and/or by varying dot dimensions.
Introduction
E l e c t r o n i c devices based on t h e r e f l e c t i o n of s u r f a c e a c o u s t i c waves (SAWS) by r e f l e c t i v e a r r a y s t r u c t u r e s are of importance i n s i g n a l processing a p p l i c a t i o n s . This paper concentrates on those devices i n which t h e SAWs are reflected through 1800.
Such devices i n c l u d e SAW resonators 111 and
In-Line R e f l e c t i v e Array compressors (ILRACs) 123.
A v a r i e t y of SAW reflectors have been used within t h e r e f l e c t i n g a r r a y s including grooves, [3], t h i n metal strips [ 4 ] , t h i c k metal dots [ 5 ] and more r e c e n t l y t h i n metal dots [ 6 ] . The t h i n metal dots have a number of practical advantages over other techniques: ( i ) They are very simple t o fabricate u n l i k e grooves; only a s i n g l e lithographic step being required t o fabricate both transducers and reflective t h i n metal dot a r r a y s .
( i i ) Very t i g h t t o l e r a n c e s on metal thickness are not required s i n c e t h e r e f l e c t i o n mechanism is based on the electrical s h o r t i n g effect u n l i k e t h i c k metal dots where the r e f l e c t i v i t y depends predominantly on the mass loading and hence thickness. Thin metal dots simply need t o be t h i n enough t o avoid mass loading ( t h i c k n e s s < 0.005 A ) 0090-5607/85/0000-0011 $1.00 0 1985 IEEE and y e t t h i c k enough t o provide a conducting region.
( i i i ) Thin metal d o t s a r r a y s can give l o w e r loss. I n metal s t r i p a r r a y s modes are set up i n w h i c h charge f l o w s along the length of t h e s t r i p leading t o ohmic loss. In metal dot a r r a y s t h i s is avoided r e s u l t i n g i n higher Q's i n resonators [ l ] . Dot a r r a y s have about 1/5th of the loss of s t r i p a r r a y s . I n a d d i t i o n m u l t i s t r i p coupler type behaviour can be avoided.
Although impressive r e s u l t s have been obtained for both resonators and ILRACs employing SAW 1800 r e f l e c t i v e t h i n metal dot a r r a y s , a theoretical basis that enables weighted a r r a y s t o be a c c u r a t e l y designed has not been a v a i l a b l e . For even i f t h e dot d e n s i t y i n a r e f l e c t i n g r o w is used as t h e basis for designing i n r e f l e c t i v i t y weighting [ 5 ] , effects o f mutual coupling and of v e l o c i t y p e r t u r b a t i o n are overlooked. It is the aim of the paper t o present a theoretical model and r e s u l t i n g design curves f o r 1800 r e f l e c t i v i t y and v e l o c i t y p e r t u r b a t i o n t o enable such weighted a r r a y s t o be designed. I n s e c t i o n 2, a model is described for t h e r e f l e c t i o n of SAWs f r o m t h i n metal dot a r r a y s t a k i n g f u l l account of the electrical i n t e r a c t i o n s between dots. Section 3 coinpares the theoretical p r e d i c t i o n s of t h e model w i t h experimental r e s u l t s obtained f r o m SAW resonators on lithium niobate. G o o d agreement is obtained.
Section 4 p r e s e n t s sets of design curves for both sparse and more dense a r r a y s . The paper concludes w i t h a discussion and sununary i n s e c t i o n 5 .
.
Theoretical Model including I n t e r a c t i o n s The model i s an adaptation of ( i ) SAWS i n c i d e n t normally on one free face of an isolated r e c t a n g u l a r metal d o t
( ii) SAWS i n c i d e n t on a dot a r r a y (see Figure  1) where t h e dots are assumed t o l i e on r e f l e c t i n g rows normal t o t h e propagation d i r e c t i o n and columns parallel t o the propagation d i r e c t i o n and t h e dot faces are aligned w i t h t h e r o w s and colunins.
The r o w s e p a r a t i o n i s chosen t o be A /2 so that 1800 r e f l e c t i o n s add i n phase as i n typical resonator and ILRAC s t r u c t u r e s . column spacing is also chosen t o be A / 2 making w h a t has been termed, a 'waffle i r o n ' a r r a y 0
[ l ] .
The model and c a l c u l a t i o n can conveniently be divided i n t o t w o parts: accompanied by a p o t e n t i a l wave with t h e same v e l o c i t y and wavelength.
As t h e SAW with i t s associated p o t e n t i a l passes through a metallic dot t h e charge on t h e dot f l o w s so as t o maintain a constant p o t e n t i a l over t h e d o t .
The charge d i s t r i b u t i o n on t h e dot i s found by t r e a t i n g t h e problem as purely electrostatic. That is:-( i ) Assume t h e d o t has a p o t e n t i a l Vm a t some i n s t a n t .
( i i ) Find t h e d i f f e r e n c e between t h e p o t e n t i a l V on a s u r f a c e with a dot p r e s e n t and that which would have prevailed on a f r e e s u r f a c e a t t h e same i n s t a n t
where w and k are the angular frequency and wave v e c t o r respecLively and V is the peak p o t e n t i a l of t h e wave.
( i i i ) A t t r i b u t e t h e p o t e n t i a l d i f f e r e n c e t o r e d i s t r i b u t i o n of charge
on t h e d o t . This d i f f e r e n c e p o t e n t i a l must t h e r e f o r e be generated by t h e repositioned charge on t h e d o t .
( i v ) Subdivide t h e dot i n t o rectangular cells, t h e j t h c e l l containing a charge q . . Then the d i f f e r e n c e p o t e n t i a l AV. on t h e i t h cell is due t o the charge i n a l l t h e ;ells of t h e dot i t s e l f and the charge i n a l l t h e cells of neighbouring d o t s , so t a k i n g account of electrostatic coupling between d o t s .
This can be expressed i n matrix formalism:
where M . . comes d i r e c t l y from t h e p o t e n t i a l given by a chaise. Since t h e dot i s a t h i n lamina and it is known t h a t charge tends t o concentrate near edges and p i n t s , it may be expected t h a t charge would b u i l d up along the dot edges and p a r t i c u l a r l y at the c o r n e r s .
Thus t h e c a l c u l a t e d charge d i s t r i b u t i o n i n Figures 2 and 3 f o r an isolated dot, one face being normal t o the i n c i d e n t SAW beam, is much as expected. The dot h a s a length parallel t o the i n c i d e n t SAW o f a = 0 . 5 A 0 and a width normal t o the i n c i d e n t SAW of b = 0 . 2 5 A 0 where A is t h e i n c i d e n t SAW wavelength. Figures 2 and 3 show t h e charge d i s t r i b u t i o n a t t w o i n s t a n t s when t h e SAW p o t e n t i a l wave lies symnetrically under t h e dot and antisymnetrically. For similar dots w i t h i n a 'waffle i r o n ' a r r a y t h e charge is enhanced at t h e dot ends i n the symmetric case and suppressed i n the antisymmetric case due t o coupling. When t h e r a d i a t i n g source i s , however, a charge d i s t r i b u t i o n t h e scattered SAW p o t e n t i a l i s given by
where these q u a n t i t i e s are t h e t w o dimensional Fourier transforms of t h e equivalent q u a n t i t i e s as a function o f d i s t a n c e . Therefore, a t any p o i n t i n t h e SAW r a d i a t i o n f i e l d , t h e SAW amplitude and phase are found by summing t h e c o n t r i b u t i o n s f r o m the p o i n t SAW Green's functions due t o t h e p o i n t charges within each rectangular c e l l of t h e dot t a k i n g account of relevant phase delays.
The forward scattered wave i s 900 o u t of phase r e l a t i v e t o t h e i n c i d e n t wave.
This g i v e s an o v e r a l l phase s h i f t after t h e wave h a s t r a v e r s e d one r o w of d o t s . A similar phase s h i f t occurs a t each r o w r e s u l t i n g i n an e f f e c t i v e v e l o c i t y reduction i n a w a f f l e i r o n a r r a y . The f r a c t i o n a l v e l o c i t y p e r t u r b a t i o n is given i n terms o f t h e forward scattered r e f l e c t i v i t y r( Oo ) by 
n v e s t i g a t e d t h e v e l o c i t y p e r t u r b a t i o n and 180° r e f l e c t i v i t y as they varied the dot length, a, parallel t o t h e propagation d i r e c t i o n w h i l s t maintaining
t h e The w a f f l e i r o n s t r u c t u r e has been treated using t h e model described i n Section 2 . I n order t o t a k e f u l l account of t h e electrostatic coupling between dots t h e number of near neighbour i n t e r a c t i o n s w a s increased u n t i l t h e inclusion o f f u r t h e r i n t e r a c t i o n s produced n e g l i g i b l e change. I n the w o r s t case ( n e a r l y touching d o t s ) t h i s required 2 0 near neighbours t o be included.
Following Matthaei and Barman the ' F r a c t i o n a l column m e t a l l i s a t i o n ' , t , is defined t o be t = a/(a+g)
( 5 ) Figure 4 shows how model p r e d i c t i o n s of the v a r i a t i o n of 1800 r e f l e c t i v i t y o f a w a f f l e i r o n dot row as the dot length, a, is increased is i n good agreement w i t h t h e experiment. 
Design curves
Figures 6 and 7 have been c a l c u l a t e d f o r a w a f f l e i r o n a r r a y as described above. The curves show contours of c o n s t a n t 180° r e f l e c t i v i t y and Oo forward s c a t t e r i n g as a function of dot length ( a ) and
i d t h (b).
For t h e range of dot dimensions p l o t t e d , i n t e r a c t i o n s between dots were found t o be weak. The s t r o n g e s t i n t e r a c t i o n s were found between a d j a c e n t dots i n the same column so t h a t , compared t o an isolated dot, the g r e a t e s t d i f f e r e n c e i n r e f l e c t i v i t y occurred a t a = 0 . 4 h ,
For t h i s case t h e w a f f l e i r o n had a r e f l e c t i v i t y of 2.55% compared w i t h 2 . 2 5 % for t h e i s o l a t e d dot and v e l o c i t y p e r t u r b a t i o n of -1.43% compared w i t h -1.62%.
Thus t h e s e curves can be used as u n i v e r s a l design curves for dot a r r a y s w i t h a A0/2 spacing parallel t o the propagation d i r e c t i o n and a spacing greater t h a n o r equal t o A0/2 along the rows themselves s i n c e f o r t h e ranges specified t h e i n t e r a c t i o n between adjacent dots i n the same row are n e g l i g i b l e . show similar curves f o r isolated dots over a much w i d e r range of dimensions. These curves can therefore be used t o design sparse dot a r r a y s w h e r e i n t e r a c t ions are small.
Discussion and Conclusions
The v e l o c i t y p e r t u r b a t i o n and 180° r e f l e c t i v i t y of t h i n r e c t a n g u l a r metal dots both when isolated and i n a w a f f l e i r o n a r r a y have been predicted, and p r e d i c t i o n s have been found t o be i n very good agreement w i t h t h e experimental r e s u l t s a v a i l a b l e . This provides v a l i d a t i o n of t h e theoretical method.
P r e d i c t i o n s have then been extended t o form a basis for designing a r r a y s w i t h chosen properties e . g . r e f l e c t i v i t y as a function of dot dimensions for the purposes Of weighting.
The u n i v e r s a l design c u r v e s presented are v a l i d for a row spacing of A /2 which i s s u i t a b l e for r e s o n a t o r s and ILRACs.
0
During f a b r i c a t i o n s l i g h t changes i n t h e dot dimensions can occur as a r e s u l t of over or under etching.
When t h i s occurs both a and b can be expected t o decrease o r i n c r e a s e by t h e same amount.
By choosing t h e d o t dimensions t o l i e on one of the contours a t the p o i n t where the contour becomes a tangent t o the l i n e a = b t h e dot r e f l e c t i v i t y w i l l be most i n s e n s i t i v e t o f a b r i c a t i o n t o l e r a n c e s .
This f e a t u r e , which can lead t o an improvement i n r e p r o d u c i b i l i t y , is not a v a i l a b l e for simple s t r i p a r r a y s . N e w forms of a r r a y s t r u c t u r e can also be accomodated such as those using reflectors having a l t e r n a t e p o l a r i t y r e f l e c t i o n c o e f f i c i e n t s r e c e n t l y described [ll] . To date grooves and r i d g e s or shorted and open metal s t r i p s have been considered. Figure 8 shows t h a t by choosing dot dimensions s u i t a b l y , d o t s w i t h both p o s i t i v e and negative r e f l e c t i o n c o e f f i c i e n t s can be realised. Matthaei, G . L . and Barman, F . , 'A study of t h e Q and Modes of SAW resonators using m e t a l "waffle-iron" and s t r i p a r r a y s ' , IEEE Transactions on Sonics and Ultrasonics, V o l . SU-25, N o . 3, pp. 138-146, May 1978. 
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